This paper shows in an empirical context that substantial cost reductions can be achieved in the implementation of Dutch national climate policy by (i) targeting the policy at the stock of greenhouse gases, thus allowing polluters flexibility in their timing of emission reductions; and (ii) integrating climate policy with other policies, thereby optimising the restructuring of the economy needed to achieve environmental policy targets. A dynamic applied general equilibrium model with bottom-up information on abatement techniques is used to show that the optimal timing of GHG emission reductions tends to follow the timing for the other environmental themes with an additional emphasis on emission reductions in the later periods. The optimal mix of technical measures and economic restructuring as source of emission reductions is affected by the strictness of environmental policy targets for all themes and hence can only be derived from an integrated analysis of these policies.
INTRODUCTION
Designing and evaluating environmental policy requires detailed understanding of the relations between economy and environment. Using mathematical models that specify quantitative links between economic activity and environmental pressure can provide insight into the direction and size of economic implications of environmental policies. Given the increasing importance of implementing costly measures to achieve required emission reductions, the need for multi-sectoral economic models with special attention to emissions and abatement is eminent. This paper partially satisfies this need by specifying a dynamic applied general equilibrium model with emissions and abatement options for several environmental problems simultaneously.
Simultaneous analysis of several environmental problems is rarely addressed in the existing empirical literature. Many of the major integrated climate-energy-economy models (cf. Weyant, 1999) only deal with CO 2 . A major advantage of this assumption is that for CO 2 , end-of-pipe measures are prohibitively costly compared to fuel switches, and can therefore be neglected. Recently, some models do take more greenhouse gasses into account (e.g. Babiker et al., 2001 and Hyman et al., 2002) , but extension of the models to include other environmental problems and policies remains largely absent. An exception is Vennemo (1997) , who pays detailed attention to the feedbacks from the environment to the economy based on several air pollutants. These feedbacks go via the impact of environmental quality on utility, via reduced labour productivity and via increased capital depreciation. Using a dynamic AGE model of the Ramsey-type, he analyses what happens in the economy if these feedbacks are introduced and finds substantial reductions in consumption and GDP in the second half of the 21 st century.
The optimal timing of GHG emission reductions also depends on the availability of abatement options. Jensen (2000) also uses a Ramsey-type model in an analysis of carbon taxes in Denmark. He shows that delaying the abatement activities, while keeping the accumulated emission reductions within the model horizon constant, can substantially reduce the economic costs of environmental policy. Rasmussen (2001) extends the Ramsey model with learningby-doing in the renewable energy sector to capture endogenous technological progress. He finds that the presence of endogenous interactions between carbon abatement and technological progress leads to substantially lower abatement costs and a lower optimal level of short-term emission reductions due to rapidly declining abatement costs over time. Van der Zwaan et al. (2002) and Gerlagh and Van der Zwaan (2003) use a similar approach, while specifying multiple technologies. They find that including endogenous innovation will lead to earlier and cheaper emission reductions than models with exogenous technological change predict, especially through the development of carbon-free technologies.
In the literature on ancillary benefits (e.g. Ekins, 1996; Van Vuuren et al., 2006) , the positive impacts of greenhouse gas emission reductions on other environmental problems are stressed, for instance via the reduction of health costs due to improved local air quality as a result of lower emissions of fine dust. These studies ignore, however, that these other environmental problems are also subject to government policies, and hence that these policies should be studied simultaneously.
Isolated analysis of climate policy can lead to misleading policy recommendations. For a proper analysis of the optimal timing of greenhouse gas emission reductions, climate policy should be integrated with policies for other environmental problems. This integration is essential due to the many interactions between the environmental problems, either environmental, e.g. ancillary benefits, or economic, i.e. via economic restructuring. Coordination of these policies may have significant impacts on the economic costs of climate policy and the optimal timing of reductions.
This paper aims at investigating the interactions between climate policy and other environmental policies. To this end the dynamic applied general equilibrium model DEAN 1 that comprises several environmental themes is used. DEAN is also suited to analyse the influence of a stock-oriented climate policy versus a policy that directly controls flows of emissions. Hence, the second aim of the paper is to analyse the potential for cost savings if polluters have flexibility in the timing of their emission reductions, in the presence of other environmental policies. This paper is organised as follows: in the next section, a brief overview of the DEAN model is given (Section 2). Then, the model calibration is discussed in Section 3, together with the policy scenarios under investigation. Section 4 discusses the results of the model simulations with two integrated environmental policies and with one stand-alone climate policy. Section 5 concludes.
1 Acronym for Dynamic applied general Equilibrium model with pollution and Abatement for The Netherlands.
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DESCRIPTION OF THE MODEL
The DEAN model is a multi-sectoral dynamic applied general equilibrium (AGE) model for a small open economy with special attention to the specification of emissions and abatement for several major environmental themes simultaneously. The framework for the model is a Ramsey-type economic growth model with perfect foresight. A detailed description of the model, the treatment of environmental issues and data sources can be found in Dellink (2005) ; below, the main model characteristics are briefly sketched.
The AGE model describes the relationships between the economic agents. These economic agents can be households (consumers), firms (producers), other countries and the government. Firms are grouped together into production sectors. Producers operate under full competition and maximise profits subject to their production technology, for given prices.
Under constant returns to scale, this leads to the first of the three basic conditions: the zero profit condition. Households are grouped into household groups. As the model assumes all households to behave identically, they can be aggregated into one representative consumer.
Households maximise their utility subject to a budget constraint, for given prices and given initial endowments. This is the second basic condition: the income condition. The economy is said to be in equilibrium if every agent can satisfy his/her demand or supply for each good, given a set of (relative) market prices that is common to all agents. In other words, total demand must equal total supply on all markets. This is referred to as market clearance, the third class of basic AGE conditions. Equilibrium is attained through adjusting the relative prices; the resulting prices are called equilibrium prices.
The environment is treated as necessary input to production. An intuitive way of looking at this is to think of environmental services as input for production, for which emission permits are required. These environmental services can be regarded as the allowance to emit polluting substances to the environment. The costs associated with this input concern the payments for the emission permits that are required to use the environmental resource, i.e. a transaction between the polluter and the government. A similar approach is used in AGE modelling by, amongst others, Bergman (1990 Bergman ( , 1991 , Schröder (1991, 1993) , Robinson et al. (1994) and Welsch (1996) . The main rationale for using environmental themes is that they form the basis for environmental policy in The Netherlands. Moreover, combining different related polluting substances in an environmental theme ensures that the interactions between the substances involved are properly taken into account. The emissions of different substances that contribute to a certain environmental theme are converted to theme-equivalents in order to be able to add them up. For Climate change, all major greenhouse gases (GHGs), including carbon dioxide, methane, nitrous oxide, CFCs, HCFCs, HFC and halons, are combined using long-term global warming potentials. Desiccation and Soil contamination concern cleaning up past pollution and are represented in the model by a fixed governmental expenditure on abatement, rather than emissions.
Abatement is an economic activity and should be modelled as such. Many models ignore the interactions between abatement activities and the rest of the economy, even though these interactions may be significant. In DEAN, essential bottom-up information on abatement measures is integrated in a top-down framework, thereby allowing a detailed analysis of the direct and indirect costs of environmental policy. Key information included in the model is (i) the abatement costs at different levels of abatement (the abatement cost curves), (ii) the technical potential of emission reduction that can be achieved by implementing existing technical abatement measures and (iii) the cost components of these technical abatement measures. These cost components describe the inputs used in the abatement process and include labour costs, capital costs and energy costs. Note that the abatement cost curves contain all known available technical options to reduce pollution, both end-of-pipe as well as process-integrated options, including substitution between different inputs (e.g. fuel-switch).
All these elements are specified in a dynamic manner. Polluters have the endogenous choice between paying for emission permits or increasing their expenditures on abatement. The extent to which this substitution is possible and the characteristics of producing abatement are derived from empirical abatement cost curves.
Emissions are related to the output levels of producers and consumption levels of consumers.
This implies that GHG emissions are not directly linked to fuel use (as an input). Though this specification matches the set-up of the abatement cost curves (as changes in fuel mix and their impacts on emissions are incorporated there), it denies the indirect effects of abatement on the demand for fuels 2 . The advantage of our approach over the common approach in integrated climate-energy-economy models is that all possible options, including end-of-pipe measures, are taken into account; this is especially relevant for other pollutants than CO 2 .
It should be noted that the DEAN model does not aim at providing an optimal climate policy.
For that purpose, the global energy-economy models discussed above are better suited. The strength of the DEAN model lies in the ability to embed climate policy in a wider national environmental policy plan. The results below should therefore be interpreted with care and focus should primarily be put on the comparison of the different scenarios.
It makes sense to model not only the flow of emissions but also the stock of GHGs. As GHGs mix uniformly in the atmosphere, the relevant stock to be modelled is the global stock.
However, emissions in The Netherlands only comprise a small fraction of global emissions (less than 1%, RIVM, 2002a). Moreover, national environmental policy can only influence domestic emissions. Therefore, not the global stock of GHGs is modelled and controlled in the DEAN model, but rather the contribution of The Netherlands to the stock over the model horizon (the "GHG stock addition"). 3 The climate module that is needed to calibrate the GHG stock addition of The Netherlands is kept very simple. Based on the DICE model (Nordhaus, 1994) , first an annual decay factor ( M δ ) for the existing stock of GHGs is specified. This decay factor is assumed to apply to all contributions of The Netherlands to the stock of greenhouse gasses and is used to calculate how much of the GHG stock addition in a period carries over to the next period. Secondly, a marginal retention rate ( M ε ) determines how much emissions contribute to the stock addition.
Since not all emitted GHGs remain in the atmosphere, this retention rate is smaller than unity.
These two items imply that the addition to the stock caused by one unit of emissions is lower than unity and varies over time.
Let t M denote the GHG stock addition of The Netherlands from the base year of the model, 1990, up to and including year t and let denote greenhouse gas emissions of polluter j in period t. Then the development of the GHG stock addition can be calculated as , ,
At the start of the base year of the model, the stock addition equals zero: .
CALIBRATION AND POLICY SCENARIOS

Calibration of the model
The base year data are taken from historical data for 1990 for the Netherlands, as reported in Dellink (2005) and summarised in Table 1 . The Netherlands is chosen because of the wide availability of data. More recent data, that are available for economic activities and emissions, are used to calibrate the dynamic model parameters. The benchmark projection consists of the balanced growth path that is determined by the base year accounting matrix and a balanced growth rate of 2% per year. On the production side, 27 producers of private goods are identified; this allows for a moderate degree of detail on the side of economic and environmental diversity. A more disaggregated set-up was not feasible due to environmental data limitations. There are two consumer groups: private households and the government. The largest sectors in terms of production value are Non-commercial services (18%) and
Commercial services (16%). Though the policy targets as summarised in Table 2 are undoubtedly based on thorough analysis, they are not necessarily efficient. The analysis presented here aims at assessing the economic costs of the exogenous targets, not at explaining or evaluating these targets. This does not mean that the model set-up is inherently unsuitable for efficiency analysis. Once a realistic empirical module to capture the benefits of the policies will be available, this could be added to the model and optimal policy levels could be assessed.
For the themes Acidification, Eutrophication, Smog formation and Dispersion of fine dust, the policy targets act as a restriction on the maximum allowable emissions in the target year 2030.
For the policy simulations with DEAN, these targets have to be translated into maximum allowable emission paths. In other words, an exogenous supply of emission permits has to be imposed for all periods in the model horizon. Since no explicit goals exist for periods before or after the policy target year, the ad hoc assumptions are made that (i) in periods 1 to 4 (1990-2009) emissions can follow the benchmark projection 4 ; (ii) from period 5 (2010-2014), a reduction path towards the target is imposed, which is linear in terms of reduction percentages, as this allows for a gradual adjustment process, and (iii) after the policy target is reached, emissions are not allowed to increase. Below we will describe the three different policy scenarios. Then, in Section 4. we will discuss the simulation results.
In the Integrated Stock Policy scenario 5 , the government aims at controlling the concentrations of greenhouse gases in the target year 2030 and beyond, while for the other environmental themes tradable emission permits are auctioned by the government. To reflect the stock pollutant property of greenhouse gasses, the government does not auction GHG emission permits, but 'GHG stock addition permits'. The government sets a policy target on the total stock addition of The Netherlands, i.e. restricts the number of permits to be auctioned over the whole model horizon, and polluters have to buy the GHG stock addition permits to be able to emit GHGs. Hence polluters have annual expenses on GHG permits, even if the target for the total stock addition is not yet met. Note that only domestic emissions and domestic stock additions are controlled in this manner.
For Climate change, the emission target as laid down in the environmental policy plans is specified in terms of emission reductions. This target is translated into a target for total allowable addition to the stock of greenhouse gasses over the model horizon (2099) The calculated stock addition for the final period, M T , is then taken as the maximum allowable stock addition in the Integrated Stock Policy scenario. It should be stressed that the proposed emission path is not imposed in this scenario: emissions can fluctuate over time, as long as the stock addition target is not exceeded.
In the Integrated Emission Policy scenario, Climate change is specified as a flow pollutant, like the other environmental themes. That is, the proposed path of emission reductions is imposed, and the government issues emission permits instead of stock addition permits. Note that environmental pressure, as measured by total addition to the stock of GHGs, is identical for both specifications. 5 Note that the name of the scenario does not imply that a coordinated integration effort by the government is required. Rather, the government creates the circumstances in which polluters are capable of integrating their reduction efforts.
Finally, the Stand-Alone Policy scenario mimics the Integrated Stock Policy scenario for Climate change, but no policies are formulated for the other environmental themes.
The total addition to the stock of greenhouse gases is identical across the scenarios. There may be a slight difference in environmental quality, as earlier emission reductions imply smaller radiative forcing.
RESULTS
Macroeconomic impacts
As one could expect, all policy scenarios show that enforcement of the environmental policy targets as described above leads to a reduction of economic activity. The development of GDP over the periods is shown in Figure 1 . Therefore, the costs, in terms of a decrease in utility, increase more than proportionally if more consumption is shifted intertemporally.
As noted before the drop in GDP growth does not mean that absolute GDP levels are declining. Whereas in the benchmark the growth rate of GDP equals 2 percent, the economic growth rate remains in all scenarios above 1 percent throughout the model horizon. In fact, the growth rate of the economy comes very close to the benchmark level in the second half of the century, implying that the environmental policy, which has constant emission reduction percentages in the long run, has only a temporary effect on the growth rate of the economy.
The decrease in the absolute level of GDP is, however, lasting. From Figure 1 we may conclude that a structural reduction of emissions of at least 50 percent for all environmental themes in the DEAN model will lead to a GDP that is structurally around 10 to 11 percent below what it would have been without the environmental policy.
For the Integrated Emission Policy scenario, the GDP-losses are roughly 2 percent-point larger, while the growth rate of GDP is in the long run hardly affected by the alternative policy assumption. As there is less flexibility on the market for GHG permits under this scenario, it is not surprising that the economic costs are larger than in the stock-oriented Since the monetarised benefits of environmental policy are not analysed in this paper, it is impossible to say whether the costs are justified. It is up to policy makers to decide whether the environmental benefits outweigh the economic costs or not. The DEAN model can play a role in assessing the economic costs and show relevant mechanisms that influence the interactions between environmental pressure, economic growth and sectoral structure. 0%   1990  1995  2000  2005  2010  2015  2020  2025  2030  2035  2040  2045  2050  2055  2060  2065  2070  2075  2080  2085  2090 %-change compared to benchmar
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Figure 2. Results of the environmental policies on the development of GHG emissions
One mechanism that drives the timing is the positive discount rate, which implies that late emission reductions are relatively cheap in net present value terms. A second mechanism is the increasing marginal abatement costs with increasing abatement levels. This leads to a smooth path of emission reductions over time, avoiding peaks in any period. The third mechanism is given by the interaction with other environmental policies. Ceteris paribus, it is efficient to time GHG emission reductions to coincide with the reductions of emissions for the other environmental themes, as these induce changes in the economic structure that also Emissions per unit production or consumption are declining for each theme, indicating a decrease in environmental intensity of production and consumption. Moreover, in absolute terms, emissions are declining, while economic growth levels are positive. Therefore, the conclusion can be drawn that both a relative and absolute decoupling of economic growth and environmental pressure is possible, given the availability of the abatement measures.
The permit prices for GHG emissions can be reported either as the price of one kilogram of stock addition or as the price of one kilogram of emissions. These two prices differ as one kilogram of CO 2 -equivalent emissions leads to less than one additional kilogram stock of CO 2 -equivalents, given the calibrated marginal retention rate which is smaller than unity. In Figure 3 the GHG permit prices are given in Euros per ton of emissions in CO 2 -equivalents.
Total expenditures on GHG permits do not depend upon the way the permit prices are represented. The reported permit prices are comparable to those found in the literature, especially in the more elaborate global energy-economy models (Weyant, 1999) . It is not likely that policy makers are able to predict the optimal path of emissions in the highly complex surroundings of simultaneous policies for different environmental themes, since they don't have all information that individual polluters have. Fixing a path of emission reductions by government by implementing a system of emission permits may then lead to substantially higher economic costs than implementing a system of stock addition permits.
The emission policy may lead to a somewhat higher environmental quality, as polluters have an incentive to delay their reduction efforts when timing is flexible. Early emission reductions will lead to less radiative forcing, less temperature rise and hence less damages. However, this environmental difference turns out to be less than 0.1 percent of global radiative forcing throughout the model horizon. Therefore, if policy makers for some reason prefer an emission-oriented policy to a stock-oriented policy, they have to be aware of the additional economic costs of an emission policy.
The economic costs of the integrated environmental policies can be attributed to the policies for the different environmental themes using the permit prices. 
Sectoral results
The impacts of environmental policy on individual sectors are much more diverse than the macro-economic results suggest, cf. Figure 4 . The impacts of environmental policy differ substantially among sectors. While some emission-intensive sectors are severely affected by environmental policy, this does not hold for all production sectors. In fact, it is very likely that some production sectors can even benefit from stricter environmental targets. These include the sector that provides the abatement technology (not represented in Figure 4 ), but also sectors that produce relatively clean services. Environmental policy will generate not only losers, but also winners.
The shift from dirty to clean sectors is relatively important in the DEAN model, as the possibilities to reduce emissions via technical abatement measures are limited.
Some sectors that will have to reduce their production substantially are Oil and gas extraction, Two other sectors that can benefit from the strict integrated environmental policies for multiple environmental themes as analysed in the model are Transport by air and Transport services. This is primarily due to their low VOC-emissions, especially in comparison to their closest domestic competitors, i.e. the other transport sectors. A low ratio of VOC emissions to total value added for these sectors is also present in the data sets for 1995 (Hofkes et al., 2002) and in other official statistics (Statistics Netherlands, 2002) , at least in comparison to the other transport sectors. This suggests that the stringency of the VOC-targets is the dominant factor explaining the beneficial impact of environmental policy on Transport by air and Transport services, as confirmed by the results for these sectors in the Stand-Alone Stock
Policy scenario.
Policy makers should pay attention to the economic opportunities induced by a stringent environmental policy. Analysis of environmental policy mostly focuses on the economic threats of these policies, i.e. on sectors that are negatively affected by the policy. The opportunities that environmental policy creates for other production sectors, including the abatement sector and potentially also some services sectors, are often ignored. The implementation of environmental policy boils down to a re-allocation of resources in the economy, not just a shrink of economic activity. Consequently, the macro-economic impact of stringent environmental policies is relatively modest, though certainly not negligible, and the growth rate of the economy is only temporarily affected.
Moreover, changes in sectoral structure of the economy (economic restructuring) are as important for reaching the environmental policy targets at minimum costs as the implementation of technical abatement measures are. Both sources of emission reductions are vital in terms of their contribution to achieving the policy targets as well as in terms of the associated costs. More stringent environmental policies imply more emphasis on economic restructuring as a means to achieve the targets. If policy makers impose restrictions on the changes in sectoral structure, e.g. by providing additional support to specific sectors or exempting some economic activities from the policy, they have to be aware of the fact that the macro-economic costs of the policy may increase substantially and/or that the policy target may not be reached. Many imperfections remain in the analysis. Firstly, the model does not capture the benefits of environmental policy. Apart from the specification of damages, as is common in the global climate-energy-economy models discussed in Section 1, this should also include the impact of environmental quality on utility of consumers (Hofkes, 2001) . The absence of a feedback link from environment to economy implies that the optimal policy levels cannot be determined.
CONCLUDING
However, by analysing scenarios that result in identical environmental quality, cost-effective actions of polluters can still be inferred.
Secondly, the linking of GHGs to economic activity is too crude for detailed analysis of optimal climate mitigation strategies. By linking emissions directly to the energy inputs in production, fuel switches can be modelled more precisely. This warrants further research.
Thirdly, the model is formulated for a national economy. To analyse optimal climate mitigation strategies a global model is more suited; this would, however, complicate the formulation of more regional environmental problems and associated policies.
Fourthly, technological development is specified in an exogenous manner in the model. Price Acidification permits (Euro / acid-eq.) 0. 
